Purpose Fibroids are the most common smooth muscle overgrowth in women. This study determined the expression and the effect of hypoxia on two potent antioxidant enzymes, superoxide dismutase (SOD) and catalase (CAT) on human fibroid cells. Methods Immortalized human leiomyoma (fibroid) and myometrial cells were subjected to hypoxia (2 % O 2 , 24 h). Total RNA and cell homogenate were obtained from control and treated cells; CAT and SOD mRNA and activity levels were determined by real-time RT-PCR and ELISA, respectively. Results Fibroid cells have significantly lower antioxidant enzymes, SOD and CAT mRNA and activity levels than normal myometrial cells (p<0.05). Hypoxia treatment significantly increased SOD activity in myometrial cells while significantly decreasing CAT activity in fibroid cells (p<0.05). There was no significant difference in CAT mRNA levels or activity in response to hypoxia in myometrial cells. Also, there was no significant difference in SOD mRNA levels in response to hypoxia in myometrial cells. Conclusion This is the first report to show that uterine fibroids are characterized by an impaired antioxidant cellular enzymatic system. More importantly, our results indicate a role for hypoxia in the modulation of the balance of those enzymes in fibroid and myometrial cells. Collectively, these results shed light on the pathophysiology of fibroids thereby providing potential targets for novel fibroid treatment.
Introduction
Uterine fibroids, also known as leiomyomas, are the most common tumor of the reproductive tract in women, occurring in over half of American women of reproductive age [8, 35, 47] . Up to 70 % of African American women have uterine fibroids, and these generally tend to be larger, more numerous, and produce more severe symptoms [6, 43] . Although often asymptomatic, leiomyomas can cause severe symptoms, including pain, menorrhagia, pelvic pressure, obstructive urinary and bowel symptoms, and reproductive problems such as infertility and increased rates of cesarean section [12] . Among women with fibroids, 50 % of black women and 25 % of white women will eventually require therapy such as myomectomy, embolization or hysterectomy [8] .
Oxidative stress has been shown to be a major player in common profibrotic geynocologic disorders such as fibroids, endometriosis and postoperative adhesions [3, 4, 30, 44] . Fibroids are benign monoclonal tumors arising from the smooth Capsule Uterine fibroids have an impaired antioxidant system. muscle cells of the myometrium and contain a large amount of extracellular matrix (ECM) such as collagen, proteoglycan, fibronectin, and are surrounded by a thin pseudocapsule of areolar tissue and compressed muscle fibers [39] . Oxidative stress involves the deposition of newly formed ECM components resulting from an imbalance between connective tissue production and degradation, and the accumulation of specific fibroblastic cells called myofibroblasts, which exhibit contractile properties [45] .
Several antioxidant enzymes have been shown to be protective against oxidative stress. Superoxide dismutase (SOD), a powerful antioxidant enzyme, catalyzes the dismutation reaction of superoxide ion (O 2
•− ) to hydrogen peroxide (H 2 O 2 ). Catalase (CAT), another potent antioxidant, is a major scavenger of toxic H 2 O 2 , which protects cells by catalyzing its decomposition into molecular O 2 and H 2 O [15] . Thus, the two enzymes are critical in maintaining the cellular redox balance.
Evidence from epidemiological and experimental studies strongly suggests a major role for ROS in the pathogenesis of gynecological diseases [1, 5, 29] . ROS production, such as O 2
•− , H 2 O 2 , nitric oxide (NO), and hydroxyl radicals (OH • ), immediately after exposure to oxidative stress and/or hypoxia, results in a complex multistep activation processes including increased ECM production, cytokines and growth factors, angiogenesis, proliferation and delayed apoptosis that may persist for months and years [3, 7, [32] [33] [34] . The highly deleterious H 2 O 2 that is formed in cells as a by-product of SOD as well as various oxidases causes oxidation of cellular targets such as DNA, proteins, and lipids leading to mutagenesis and cell death [40] . Catalase is a tetramer of four polypeptide chains, each over 500 amino acids long, and contains four porphyrin heme (iron) groups [23, 27] . Catalase decomposes H 2 O 2 into H 2 O and O 2 . Several classes of SOD have been identified. These include intracellular copper, zinc SOD (Cu, Zn SOD/SOD1), mitochondrial manganese SOD (Mn SOD/SOD2) and extracellular Cu, Zn SOD (EC SOD/SOD3) [30] . There are several indications that one role of SOD3 is to be a plasma protein and hence a protector in the extracellular space [25] . Extracellular SOD is the major SOD in human extracellular fluids [25, 26] . Recent data supports an important role for SOD3 in maintaining oxidative homeostasis in extracellular matrix as well as in nucleus [38] . Therefore, in this study we hypothesize that fibroids are characterized by an impaired antioxidant system manifested by hypoxia in normal myometrium.
Materials and methods

Cell culture
Human uterine cells were a kind gift from Dr. Darlene Dixon (NIEHS), which were derived as previously described [9] . These cells were isolated directly from corresponding tissues (myometrium or fibroid, collected at time of hysterectomy). These tissues are homogenous and are primarily populated by these cells and once in culture, these myometrial or fibroid cells dominate the culture environment. The authenticity of such cells are additionally confirmed by the expression of the appropriate smooth muscle cell markers such as alpha-smooth muscle actin, vimentin, and F-actin, as we have previously reported [2, 19] .
Cells were immortalized through the induction of telomerase activity with the use of a retroviral vector containing hTERT, which allows them to bypass their normal programmed senescence [9] . Cell lines, fibroid and normal myometrial, were cultured and maintained with the SmGM-2 Bullet Kit (Lonza, Walkersville, Maryland) which included smooth muscle cell basal medium (SmBM) containing 5 % FBS, 0.1 % insulin, 0.2 % hFGF-β (human Fibroblast Growth Factor-beta), 0.1 % Gentamycin-Amphotericin 1000 (GA-1000), and 0.1 % human Epidermal Growth Factor (hEGF).
Hypoxia treatment
All hypoxic experiments were performed in an airtight modular incubator chamber (Billups-Rothenberg). The chamber was deoxygenated by a positive infusion of 2 % O 2 in a CO 2 -nitrogen gas mixture. Cells were cultured under normal (20 % O 2 ) or hypoxic (2 % O 2 ) conditions for 24 h. Cultures were placed in a standard humidified tissue incubator. All experiments were performed in triplicate.
RNA isolation
Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol.
Reverse transcription A 20 μL cDNA reaction volume, utilizing 1 ug RNA, was prepared using the QuantiTect Reverse Transcription Kit (Qiagen), according to the manufacturer's protocol.
Real-time RT-PCR primer design and controls
Optimal oligonucleotide primer pairs for real-time RT-PCR amplification of reverse-transcribed cDNA were selected with the aid of the software program, Beacon Designer (Premier Biosoft Int., Palo Alto, CA). Human oligonucleotide primers, which amplify variable portions of the protein coding regions, were as follows: CAT forward 5′-GAAGATTCTCCTGTGCTA-3′ and reverse 5′-TAATCCAATCATCCGTCAA-3′ and SOD3 forward 5′-GCCTCCATTTGTACCGAAAC-3′ and reverse 5′-AGGGT CTGGGTGGAAAGG-3′. Standards with known concentrations were designed specifically for CAT (100 base pairs), and SOD3 (99 base pairs) using Beacon Designer software, allowing for construction of a standard curve using a tenfold dilution series. A specific standard for each gene allows for absolute quantification of the gene in copy numbers, which can then be expressed as ng per μg of RNA.
Real-time RT-PCR was performed with the QuantiTect SYBR Green RT-PCR kit (Qiagen) and a Cepheid 1.2f Detection System (Cepheid, Sunnyvale, CA). Each reaction was 25-μL consisting of, 12.5 μL of 2×QuantiTect SYBR Green RT-PCR master mix, 1 μL of cDNA template, and 0.2 μM/L each of target-specific primer that was designed to amplify a part of the gene of interest. To quantify each target transcript, a standard curve was constructed using a tenfold dilution series of the standard for the specific gene of interest. The PCR reaction conditions for CAT and SOD3 were programmed for each primer as follows: an initial cycle was performed at 95°C for 1500 s for CAT and 900 for SOD, followed by 35 cycles of denaturation at 95°C for 15 s, annealing for 30 s at 58°C for CAT and 62°C for SOD3 followed by a final cycle at 72°C for 30 s to allow completion of product synthesis. Following real-time RT-PCR, a melting curve analysis was performed to demonstrate the specificity of the PCR product as a single peak. A control containing all the reaction components except for the template was included in all experiments.
Protein detection
Total protein concentration of cell lysates from control and treated cells was measured with the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, Illinois) per the manufacturer's protocol. The same concentration of protein was utilized for each sample.
Catalase activity
The Catalase Assay Kit (Cayman Chemical, Ann Arbor, MI) was utilized to determine CAT activity in normal myometrial and firbroid cells. Cell lysates of control and treated cell pellets were prepared utilizing cell lysis buffer (Cell Signaling Technology, Danvers, MA) supplemented with ProteaseArrest (G-Biosciences, St. Louis, MO). The assay was performed according to the manufacturer's protocol and 0.5 μg total protein was used. Formaldehyde produced is measured spectrophotometrically with Purpald as the chromogen, which is detected at 540 nm.
SOD activity assay
The SOD Assay Kit (Cayman Chemical) was utilized to determine SOD activity in human normal myometrial and fibroid cells. The standard curve generated using this enzyme provides a means to accurately quantify the activity of all three types of SOD (Cu/Zn−, Mn−, and Fe − SOD). Cell lysates of control and treated cell pellets were prepared as described above. The assay was performed according to the manufacturer's protocol using 0.25 μg total protein. Total SOD was detected at 460 nm. One unit of SOD is defined as the amount of enzyme needed to exhibit 50 % dismutation of O 2
•− .
Statistical analysis
Data were analyzed using SPSS 15.0 for Windows with independent sample t-tests by cell type on each treatment. Statistical significance of p<0.05 is considered significant for all analyses.
Results
The expression of CAT in uterine normal myometrial and fibroid cells and its regulation by hypoxia There was a significantly lower level of CAT mRNA (from 3.42±0.1 to 0.77±0.2 pg/μg RNA) in fibroid as compared to normal myometrial cells (p=0.0035, Fig. 1a) . Consistently, there was also a significant decrease in CAT activity (from 24.6±3.4 to 11.1±1.1 nmol/min/ml) in fibroid as compared to normal myometrial cells (p=0.002, Fig. 1b) . Interestingly, hypoxia treatment resulted in a differential effect on CAT mRNA levels and activity between the two cell lines. There was no significant change in mRNA levels in either the normal myometrial or fibroid cells, in response to hypoxia (Fig. 1a) . However, there was a significant decrease in CAT activity to 3.8±0.1 nmol/min/ml (p=0.010) in fibroid cells however there was an increase, while not quite significant (p=0.053) observed in normal myometrial cells (Fig. 1b) .
The expression of SOD3 in uterine normal myometrial and fibroid cells and its regulation by hypoxia There was a significantly lower level of SOD3 mRNA (from 0.318±0.02 to 0.020±0.0009 pg/μg RNA) in fibroid as compared to normal myometrial cells (p=0.0024, Fig. 2a) . Consistently, there was also a significant decrease in SOD activity (from 12.2±0.4 to 6.39±0.1 U/ml) in fibroid as compared to normal myometrial cells (p=0.001, Fig. 2b ). There was no significant change in SOD3 mRNA response to hypoxia treatment in either cell line. However, treatment with hypoxia resulted in a significant increase in SOD3 activity (to 23.8±1.0 U/ml, p=0.0013) in normal myometrial cells and a significant decrease in activity (to 5.65±0.1 U/ml, p=0.0166) in fibroid cells (Fig. 2b) .
Discussion
If the generation of free radicals exceeds the protective effects of antioxidants, oxidative damage will occur which accumulates during the life cycle, and has been implicated in aging, and age-dependent diseases such as cardiovascular disease, cancer, neurodegenerative disorders, and other chronic conditions [30] . Thus, restoration of a balanced redox environment by either inhibition of prooxidant enzymes such as iNOS, MPO, stimulation antioxidants such as SOD and CAT, and scavenging ROS may be beneficial in the treatment of such diseases. In fact, previous studies have shown decreased SOD activity in blood and endometrial tissue of uterine myoma patients [29] .
This study was focused on examining the expression and activity of the most potent antioxidant enzymes, CAT and SOD in fibroids. We found a decrease in the antioxidants CAT and SOD in a human fibroid cell line as compared to normal myometrial cells. We observed a significant decrease in CAT activity in fibroid cells, in response to hypoxia. There was also a decrease in CAT mRNA levels in fibroid cells, although not quite significant. Furthermore, SOD activity increased in normal myometrial cells in response to hypoxia, while a significant increase in mRNA levels was not observed. This discrepancy may be attributed to the fact that mRNA may be transcribed but not translated such that the number of mRNA copies may not reflect the number of functional protein molecules [16] . Further studies to investigate these findings are needed.
In agreement with our findings, antioxidants have been shown to play a major role in the pathogenesis of fibroids. Utilization of antioxidants such as green tea in the treatment of fibroids has been reported [31] . Dietary supplements with tomato powder have also been shown to reduce the incidence and size of spontaneously occurring leiomyomas of the oviduct in the Japanese quail [36] . Additional key antioxidants and vitamins such as Vitamin D, Vitamin C (3-8 g/day), beta-carotene (50,000-150,000 IU/day), selenium (200-400 μg/day) have been utilized to protect against fibroids [28, 37, 41] . Data suggests a reduced risk of leiomyoma among women with a greater dietary intake of fruits, vegetables and vitamin A [10, 46] . Studies have shown that African American women are known to have higher rates of uterine leiomyoma and lower intakes of fruit and vegetables than do white women [46] . Therefore, dietary modification, specifically an increased consumption of protective antioxidants, may decrease the incidence of fibroids in women at high risk [10] . Hypoxia has been implicated in the pathogenesis of leiomyomas [48] . Leiomyoma cells are severely hypoxic and such oxygen-limited microenvironment protects leiomyoma cells against apoptosis and maintains a proliferative state [48] . Similarly, recent experimental results have documented that leiomyoma tissues are also severely and uniformly hypoxic [48] . There is also strong evidence to suggest that hypoxia, through aberrant estrogen pathway activation of myometrial stem cells, may be a key contributor to the pathogenesis of leiomyomas [48] . Indeed, the level of 8-hydroxy-2′-deoxyguanosine, a marker of oxidative stress, is higher in uterine myomas than in control tissues and correlates with the size of the tumor [13] . Increased lipid peroxidation as well as disturbed antioxidant enzyme activities in plasma and erythrocytes of patients with uterine cervicitis and myoma have also been reported [11] .
Reactive oxygen species formed after exposure to oxidative stress and or hypoxia, have been implicated in the activation of various signaling molecules [14, 17, 18, 20-22, 24, 42] . Various enzyme systems produce ROS, including the mitochondrial electron transport chain, cytochrome P450, lipoxygenase, cyclooxygenase, the NADPH oxidase complex, XO, and peroxisomes [14, 20] . Hypoxia triggers a number of critical adaptations that enable cell survival, including apoptosis suppression, altered glucose metabolism, and an angiogenic phenotype [14] . Recent investigations suggest that O 2 depletion stimulates mitochondria to further increase ROS, with subsequent activation of signaling pathways, such as hypoxia inducible factor (HIF)-1α, that promote cell survival and consequently, fibrotic growth [14] .
In summary, this study clearly shows that uterine fibroids are characterized by an impaired antioxidant cellular enzymatic system though reduced CAT and SOD expression and activity. More importantly, our results indicate a role for hypoxia in the modulation of the balance of those enzymes in fibroid and myometrial cells. Collectively, these results shed light on the pathophysiology of fibroids thereby providing potential targets for novel fibroid treatment.
